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observations have led to the suggestion that motor neu-
rons and oligodendrocytes are specified by common
extracellular cues (reviewed by Richardson et al., 1999).Summary
However, the intracellular mediators of these extrinsic
signals are largely undefined for the glial lineages.During development, basic helix±loop±helix (bHLH)
In Drosophila, genes such as glial cells missing (gcm/proteins regulate formation of neurons from multipo-
glide) and pointed encode transcription factors that playtent progenitor cells. However, bHLH factors linked to
essential roles in the formation of glia (Klaes et al., 1994;gliogenesis have not been described. We have isolated
Hosoya et al., 1995; Jones et al., 1995). However, ita pair of oligodendrocyte lineage genes (Olg-1 and
is presently unclear whether their vertebrate orthologsOlg-2) that encode bHLH proteins and are tightly asso-
regulate glial development in the central nervous systemciated with development of oligodendrocytes in the
(CNS; Kim et al., 1998). The basic helix±loop±helixvertebrate central nervous system (CNS). Ectopic ex-
(bHLH) class of transcription factors has been found topression of Olg-1 in rat cortical progenitor cell cultures
be tightly associated with cell lineage in a number ofpromotes formation of oligodendrocyte precursors. In
tissues, e.g., MyoD and Myogenin in muscle (Davis etdeveloping mouse embryos, Olg gene expression
al., 1987; Weintraub et al., 1991) and NeuroD and Neuro-overlaps but precedes the earliest known markers of
genin in neurons (Lee et al., 1995; Ma et al., 1996). How-the oligodendrocyte lineage. Olg genes are expressed
ever, bHLH factors associated with glial lineage devel-
at the telencephalon±diencephalon border and adja-
opment have not been described.
cent to the floor plate, a source of the secreted signal- We set out to screen for bHLH-containing proteins
ing molecule Sonic hedgehog (Shh). Gain- and loss- that might function as intracellular mediators or markers
of-function analyses in transgenic mice demonstrate of glial cell fate in the vertebrate CNS. The cerebral
that Shh is both necessary and sufficient for Olg gene cortices of developing rat embryos can be dissected and
expression in vivo. cultured in serum-free medium. Such cultures contain a
heterogeneous mixture of cells. However, the mix in-
cludes nestin-positive neuroepithelial cells with the
Introduction properties expected of multipotent neural progenitor
cells. Under appropriate conditions in culture, growth
Generation of cellular diversity in the developing verte- factors and hormones direct multipotent progenitor cells
brate neural tube depends on signals from organizing to differentiate into astrocytes or oligodendrocytes (Bar-
structures at the ventral midline, such as the notochord res et al., 1994, 1996; Gross et al., 1996; Johe et al.,
and floor plate. Many of the inductive properties of these 1996; Bonni et al., 1997; Qian et al., 1997). We reasoned
structures are attributable to the secreted signal, Sonic that exposure to extracellular cues that instruct toward
hedgehog (Shh; Echelard et al., 1993; Roelink et al., glial lineages would enrich progenitor cell cultures for
1994, 1995; Marti et al., 1995; Tanabe et al., 1995; Chiang bHLH transcripts that are linked to formation of glia.
et al., 1996). At neural plate stages of development, Shh Here, we describe identification of a novel class of genes
confers ventral character to naive neuroepithelium and encoding bHLH factors, expressed in tight association
can direct the later differentiation of ventral cell types, with oligodendrocytes both at early developmental
e.g., motor neurons and interneurons (Roelink et al., stages and in the adult CNS. Early expression of Olg
1995; Ericson et al., 1997a). In addition, several lines of genes is regulated by Shh. Furthermore, our data pro-
evidence suggest that Shh regulates early stages of vide evidence that Olg genes may play a functional role
oligodendrocyte development. in the specification of oligodendrocyte precursors.
Oligodendrocyte precursor cells are generated adja-
cent to the floor plate in the same region of the neural Results
tube that gives rise to motor neurons (Noll and Miller,
Isolation and Characterization of Olg-1
and Identification of Olg-2§ To whom correspondence should be addressed (e-mail: charles_
The Olg-1 cDNA was cloned from 14.5 dpc neuroepithe-stiles@dfci.harvard.edu [C. D. S.], david_rowitch@dfci.harvard.edu
[D. H. R.]). lial cell cultures exposed to a combination of ciliary
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Figure 1. Predicted Primary Structure, Ho-
mology, and Expression of Olg mRNA Tran-
scripts
(A) Amino acid sequence of rat Olg-1 protein
is depicted, showing both the bHLH (under-
line) and serine-theronine-rich (boxed) do-
mains in the N-terminal region.
(B) Alignment of the bHLH domains of rat Olg-
1/2 and the bHLH transcription factors NDRF,
NeuroD, and Ngn2.
(C) Cartoon illustrating structural features of
rat and human Olg genes, showing the con-
served bHLH domain (80% identity) and ser-
ine-theronine-rich domain.
(D) Olg-1/2 is expressed exclusively in the
brain of adult rats. A commercial Northern
blot (Clonetech) of mRNA extracted from vari-
ous tissues of the adult rat was probed with
32P-labeled Olg-1 or Olg-2, revealing 2.5 and
2.7 kb mRNA transcripts in brain.
neurotrophic factor (CNTF) and thyroid hormone (T3), and human Olg-1) an uninterrupted run of 12 serine/
threonine residues on the N-terminal flank of the bHLHfollowed by PCR using degenerate oligonucleotide
primers targeted to bHLH motifs. The amino acid se- domain (Figures 1B and 1C). The human orthologs of
Olg genes are localized within z40 kb of each other inquence of rat Olg-1 is shown (Figure 1A). The bHLH
domain of Olg-1 (spanning amino acids 95±158) is struc- the Down's syndrome critical region (chromosome 21q
22.1). Northern blot analysis of multiple tissues fromturally similar to bHLH domains of neuronal bHLH tran-
scription factors, such as NeuroD, NeuroD-related fac- adult rats shows that the z2.5 kb and 2.7 kb Olg-1 and
Olg-2 transcripts, respectively, are brain specific (Fig-tor (NDRF), and Neurogenin 2 (Ngn2) (Figure 1B).
Notably, conserved arginine residues known to be es- ure 1D).
sential for DNA binding are represented within the Olg-1
bHLH domain. One distinctive feature of Olg-1 is an Olg-1/2 Expression Is Restricted to Oligodendrocytes
in the Adult CNSuninterrupted run of 11 serine or threonine residues to-
ward the amino terminus. The predicted open reading To identify Olg-1/2-expressing cells in the mature CNS,
we performed in situ hybridization on sections of adultframe of rat Olg-1 is more than 97% similar and 92%
identical to the open reading frame of a gene entered rat brain and spinal cord. This procedure demonstrates
the presence of Olg-1 mRNA transcripts throughout theinto the human genome database (GenBank accession
number AP000109). Thus Olg-1 is probably the rat or- CNS, particularly in regions such as the corpus callo-
sum, cerebral hemispheric (hippocampal) white matter,tholog of this human gene. Human OLG-1, in turn, is
structurally similar to another human gene in the data- and cerebellar white matter (Figures 2A, 2B, 2E, and
2G). These areas are rich in glial cells but do not containbase, entered as a ªPKC binding protein.º The 323 amino
acid open reading frame of this second human gene neuronal cell bodies. The domain of Olg-1 expression
in the brain, moreover, is similar to that of O4, a markerencodes a protein that is 66% similar to human OLG-1.
Notably, the open reading frame of this second cDNA of the oligodendrocyte lineage (compare Figures 2D, 2F,
and 2H). In addition, scattered Olg-1 expression cells(which we refer to hereafter as OLG-2) features a bHLH
domain closely matched to that of Olg-1 and (like rat are also detected in gray matter. Olg-1-expressing cells
Olg Genes in Oligodendrocyte Development
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Figure 2. Olg-1/2 Expression in Oligodendrocytes of the Adult Rat CNS
Transverse sections of adult rat cerebral cortex and cerebellum and logitudinal sections of optic nerves were submitted to in situ hybridization
and immunohistochemistry.
(A) Low-power (23) view of brain showing strong expression of Olg-1 in the corpus callosum (cc) and hemispheric white matter.
(B) The corpus callosum at higher magnification (203) reveals that Olg-1-positive cells have round nuclei and are grouped in linear arrays,
indicated as arrows, which are characteristic features of oligodendrocytes.
(C) Similar result in the corpus callosum is obtained for Olg-2.
(D) Region with expression of Olg-1 in the corpus callosum corresponds to that highly labeled with the oligodendrocyte marker O4.
(E and F) Olg-1-expressing cells in the hippocampus of adult rat in distribution similar to that of the oligodendrocyte marker O4.
(G and H) Expression of Olg-1 is confined to cerebellar white matter (cwm), which contains oligodendrocytes labeled by O4. Olg-1 expression
is never found in the internal granular (igl) or molecular (mol) layers.
(I) Olg-1 expression by in situ hybridization on a longitudinal section of optic nerve from P14 rat reveals linear arrays of cell bodies (arrows),
a characteristic of oligodendrocytes (203).
(J) A similar result in optic nerve is obtained for Olg-2 (203).
(K) Cells with APC antibody (CC-1) immunostaining with DAB substrate (visualized as brown color) show linear arrays of oligodendrocytes in
P14 optic nerve (203).
(L) Cells with APC antibody immunostaining (brown color) after in situ hybridization for Olg-1 (blue color) show that the majority of Olg-1-
expressing cells are also colabeled by APC antibody (CC-1; dark blue color, indicated by arrows) in P14 optic nerve (203). Cells with Olg-1
expression, but not APC antibody staining, were also found, as indicated by arrowhead.
in the corpus callosum had characteristics of oligoden- Olg-1 and Olg-2 by in situ hybridization at days P6, P9,
P14, P30, and adult. The number of cells expressing Olgdrocyte morphology and tissue distribution of oligoden-
drocytes, e.g., forming linear arrays within the corpus genes decreases after P30. However, in optic nerve,
brain, and spinal cord our results do not reveal signifi-callosum (Figure 2B). In situ hybridization yielded similar
results for Olg-2 in the corpus callosum (Figure 2C), cant differences in the patterns of either Olg-1 or Olg-2
expression (data not shown), suggesting that these twohippocampal region, and cerebellar white matter (data
not shown). genes may be expressed within the same cells.
Recent studies show that adenomatous polyposis coliTo define the relationship between Olg gene expres-
sion and glia at the cellular level, we examined optic (APC) protein is a reliable marker for oligodendrocytes
in optic nerve and other regions of the CNS (Bhat et al.,nerve, which is composed mainly of oligodendrocytes
and astrocytes. In situ hybridization on longitudinal optic 1996). The antibody to cytoplasmic APC protein (CC-1)
stains the cell bodies of oligodendrocytes aligned innerve sections from postnatal day 14 (P14) rat reveals
that Olg-1 is expressed in cells that are distributed in linear arrays similar to those seen by in situ hybridization
with Olg-1/2 probes (Figure 2K, compare with Figureslinear arrays characteristic of oligodendrocytes (Figure
2I). In situ hybridization with an Olg-2 probe shows ex- 2I and 2J). Combination in situ hybridization (to Olg-1)
and immunostain (with the CC-1 antibody) shows ex-pression in similar linear arrays (Figure 2J). Adjacent
optic nerve sections were examined for expression of pression of the APC oligodendrocyte marker protein
Neuron
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Figure 3. Colocalization of Olg-1-Positive Cells with Oligodendrocyte Marker Protein APC, but Not Astrocyte Marker S100b, in Optic Nerve
from P14 Rat
Double immunostains using an Olg-1 peptide antibody were performed in longitudinal optic nerve sections at 10±20 mm. Left column: top,
CC-1 antibody (Cy2, green) immunolabels cells that form as linear arrays (arrows); middle, Olg-1 antibody (Cy3, red) also immunostains cells
in linear arrays (arrows); bottom, overlay image shows colocalization of cells that express APC and Olg-1. Right column: top, S100b antibody
immunostain (Cy2, green); middle, Olg-1 antibody immunostain (Cy3, red); bottom, overlay image shows that S100b and Olg-1 are expressed
in a mutually exclusive pattern. Small areas of color overlay probably reflect overlapping cells within these 10±20 mm tissue sections.
in the majority of cells that express Olg-1 (Figure 2L). cursors at 12.5±13 dpc are detected well after markers
of neurogenesis (9±12 dpc; for review, see Hardy, 1997).Coexpression of Olg-1 protein and CC-1 is confirmed
also by double immunostain (see below). A small per- To determine the pattern of early Olg-1 expression, we
initially performed whole-mount in situ hybridization oncentage of cells that express Olg-1 do not stain with CC-1
(Figure 2L, arrowhead). Conceivably, Olg-1 expression embryos from 8.5±10.5 dpc. At 9.0 dpc, Olg-1 mRNA
transcripts can be detected in the ventral diencephalonprecedes the appearance of APC protein that marks
mature oligodendrocytes (see below). and in the spinal cord in symmetric stripes adjacent to
the ventral midline (Figure 4A). Olg-1/2 expression in theTo explore the relationship between Olg-1 expression
and astrocytes, we performed double immunostain ex- 10.5 dpc embryo is detected in the ventral spinal cord
with an apparent caudal-to-rostral decrease in signalperiments using an Olg-1 antibody (raised against a
C-terminal peptide of Olg-1) and an antibody to S100b. and a rostral boundary approximately at the second
rhombomere of the hindbrain (Figures 4B and 4C).As shown in Figure 3, the Olg-1 and S100b antibodies
show a mutually exclusive immunostain pattern in optic Cross-sectional images of the spinal cord at day 10.5
dpc show that both Olg genes are expressed in thenerve. In contrast, APC antibody and Olg-1 antibody
colocalize in linear arrays of cells, as predicted from ventricular zone, near the ventral midline at this early
time (compare Figures 4C and 4D for Olg-2). Within thethe in situ hybridization/immunostain images shown in
Figure 2. Together, the images in Figures 2 and 3 indicate brain, Olg mRNA transcripts are detected at the prosom-
ere 2/3 boundary. Expression in the nasal placodes andthat Olg gene expression marks oligodendrocytes, but
not astrocytes, in CNS. in optic and otic vesicles is also observed. However, no
expression of Olg genes is detected in the dorsal root
ganglion of the peripheral nervous system, in contrastOlg Expression Precedes and Overlaps Markers
of the Oligodendrocyte Precursors to that of DM20/PLP (Figure 4E).
Whole-mount in situ hybridization studies indicate thatin the Spinal Cord
The process of oligodendrocyte development has been early Olg expression precedes expression of the early
oligodendrocyte precursor markers PDGFRa (platelet-especially well characterized in the spinal cord, where
expression of the first markers of oligodendrocyte pre- derived growth factor receptor a) and DM20/PLP. At
Olg Genes in Oligodendrocyte Development
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Figure 4. Expression of Olg-1/2 in the Embryonic CNS Precedes PDGFRa and DM20/PLP
(A±D) Lateral views of mouse embryos subjected to whole-mount in situ hybridization.
(A) A 9.0 dpc embryo. Olg-1 mRNA transcripts were detected in the ventral spinal cord (closed arrows), with rostral restriction approximately
at the second rhombomere of the hindbrain (r2) and in the ventral diencephalon (open arrow).
(B and C) At 10.5 dpc, Olg-1 and Olg-2 expression persisted in the spinal cord (closed arrows). Note decreasing caudal-to-rostral intensity
of signal. Expression was also detected at the prosomere 2/3 boundary (open arrow) separating the telencephalon (tel) from the diencephalon
(di), and in the nasal placode (np) and optic (ov) and otic (ot) vesicles.
(D) A 10.5 dpc cross-section of Olg-2 whole-mount in situ hybridization shows ventral spinal cord localization (arrows). Section shown
corresponds to dashed line shown in (C).
(E) A 10.5 dpc embryo showing DM20/PLP expression in the mes-diencephalon (open arrow). Note that DM20/PLP was not detected in the
spinal cord at 10.5 dpc, but strong signal is detected in the dorsal root ganglia (drg; closed arrow).
(F±M) In situ hybridization on transverse sections from 12.5 dpc (F±I) and 14.5 dpc (J±M) mouse embryos.
(F and G) Olg-1/2 expression was largely confined to the ventral ventricular region and was absent in the dorsal root ganglia.
(H) Onset of PDGFRa expression in the ventral spinal cord (arrow).
(I) DM20/PLP expression is persistent in the dorsal root ganglia (arrow) but is not expressed in the spinal cord at 12.5 dpc.
(J±M) By 14.5 dpc, expression of Olg-1/2, PDGFRa, and DM20/PLP occurs in a similar distribution of cells apparently migrating from ventral
to dorsal regions of the spinal cord. Note that some nonadjacent sections are shown, which may account for differences in pattern observed
in the panels from similar time points.
12.5 dpc, Olg-1/2 is persistently expressed in the ven- We next mapped Olg-1 expression with respect to
well-characterized markers of dorsal±ventral pattern intricular zone, near the ventral midline (Figures 4F and
4G). Activation of PDGFRa is first detected at 12.5 dpc the embryonic spinal cord, including Shh, a floor plate
marker (Figure 5A; Echelard et al., 1993), and the tran-(Figure 4H), while DM20/PLP mRNA transcripts are not
present in the spinal cord until 14.5 dpc (Figures 4I and scription factors Nkx-2.2 (Figure 5B) and Pax6 (Figure
5C; Tanabe and Jessell, 1996). This analysis was carried4M). Thus, Olg expression precedes expression of
PDGFRa and DM20/PLP by at least 72 hr. At 14.5 dpc, out at 13.5 dpc, prior to initial emigration of PDGFRa-
expressing oligodendrocyte precursors from the ven-restricted expression of Olg-1/2 in the ventricular zone
is maintained. In addition, scattered Olg-expressing tricular zone (Figures 4H and 4L; Pringle and Richardson,
1993; Pringle et al., 1998). Olg-1-expressing cells occupycells are observed in the ventral mantle zone of the
spinal cord (Figures 4J and 4K). The patterns of both a domain of the ventricular zone that is dorsal to Nkx-
2.2 and that overlaps a region of low Pax6 expressionPDGFRa (Figure 4L) and DM20/PLP (Figure 4M) expres-
sion are remarkably similar to those of Olg genes, sug- (compare Figures 5B, 5C, and 5D). Moreover, the region
of initial PDGFRa expression closely approximates thatgesting that Olg genes are expressed in oligodendrocyte
precursors of the spinal cord. of Olg-1 (Figure 5E). Further confirmation of this was
Neuron
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Figure 5. Regional Expression of Olg-1 in Ventricular Zone Precursor Cells Overlaps Expression of the Early Oligodendrocyte Marker PDGFRa
Transverse sections of 13.5 dpc mouse embryonic ventral spinal cord (cartoon to left shows region of analysis), which was subjected to in
situ hybridization and photographed at 40x.
(A) Expression of Shh, which marks the floor plate (indicated by dashed lines).
(B) Nkx-2.2 is regionally expressed (arrow indicates dorsal border) adjacent to floor plate.
(C) Expression of Pax6 occurs in a region dorsal to that of Nkx-2.2. Note a region of ªhighº Pax6 expression (inferior border indicated by
arrow), dorsal to a region of relatively low Pax6 expression in the ventricular zone (Ericson et al., 1997b).
(D) Olg-1 mRNA transcripts were detected in a region (indicated by arrows) dorsal to Nkx-2.2-expressing cells in a region of low Pax6
expression.
(E) PDGFRa is expressed in a domain similar to that of Olg-1.
(F) Summary of results indicating the position of Olg-1-expressing cells relative to the neuronal precursor markers Pax6 and Nkx-2.2 (right-
hand side; Tanabe and Jessell, 1996; Ericson et al., 1997a; Briscoe et al., 1999). The left side shows the approximate locations of somatic
motor neurons (MNs). Figure adapted from Briscoe et al. (1999).
(G) Double labeling of Olg-1- (purple color) and PDGFRa- (brown color) expressing cells in E16 rat embryonic spinal cord by in situ hybridization.
Numerous cells that colabeled were identified, some of which are indicated (closed arrows). Cells that only labeled for PDGFRa expression
were also seen (open arrow). The floor plate (fp) and ventricular zone (vz) are indicated.
provided from double in situ hybridization, which colo- Regulation of Olg-1/2 in Developing Brain
and Spinal Cord by Shhcalizes Olg-1 and PDGFRa expression to the same cells
(Figure 5G). In explant culture, expression of the transcription factors
Nkx-2.2 and Pax6 can be regulated by exposure of
multipotent precursor cells to various concentrations ofEctopic Expression of Olg-1 Stimulates Expression
of the Early Oligodendrocyte Marker NG2 Shh protein (Ericson et al., 1997a). Such a situation might
be envisaged in the ventral spinal cord in vivo, with ain Cortical Progenitor Cell Cultures
To assess a possible role for Olg genes in oligodendro- gradient of Shh emanating from the floor plate. The pat-
tern of Olg-1 expression, situated between Nkx-2.2 andcyte development, Olg-1 was cloned into an adenovirus
expression vector (He et al., 1998) to generate AdeGFP- Pax6 (Figure 5), raised the possibility that it could fall
under regulation by Shh. Shh has been shown to induceOlg-1. This virus expresses the jellyfish green fluores-
cent protein (GFP) to monitor infected cells. Cultures of oligodendrocytes at ectopic locations in the chick spinal
cord and in explant culture (Poncet et al., 1996; Pringle et13.5 dpc cortical progenitor cells were infected with
either the AdeGFP-Olg-1 or AdeGFP (control) viruses. al., 1996), and a requirement for Shh in oligodendrocyte
precursor specification is indicated by recent workAfter 2 days in factor-free medium, infected cultures
were immunostained with an antibody to NG2, a marker (Orentas et al., 1999).
To determine whether Olg-1 can be regulated by Shhof oligodendrocyte precursor cells (Levine, 1989; Levine
and Nishiyama, 1996). We observed numerous AdeGFP- in vivo, we analyzed transgenic mice in which Shh is
ectopically expressed in the dorsal midline under controlOlg-1-infected cells that colabeled with NG2 (Figure 6).
As indicated in Table 1, adenovirus-mediated expres- of the Wnt-1 regulatory element (Rowitch et al., 1999).
We chose to evaluate embryos at 14.5 dpc becausesion of Olg-1 significantly enhanced the fraction of NG2-
positive cells (z3-fold, p , 0.001). The astrocyte marker expression of Olg-1, PDGFRa, and DM20/PLP has com-
menced by that time (Figure 4). In Wnt-1/Shh transgenicGFAP (glial fibrillary acid protein) was not detected in
these experiments. The cellular basis of the data shown mice (Shh-Tg), expression of Shh in the dorsal spinal
cord occurs within cells situated around persistent, ec-in Table 1 is unknown. Ectopic expression of Olg-1 may
induce multipotent CNS progenitor cells to adopt fea- topic ventricular zones (Figures 7A and 7B). Interest-
ingly, strong induction of Olg-1 (Figures 7C and 7D) andtures of early oligodendrocytes. Alternatively, Olg-1
could cause proliferation of oligodendrocyte precursors Olg-2 (data not shown) occurred in ectopic ventricular
zone structures in which Shh was expressed. We alsoor promote their survival.
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Figure 6. Infection of Embryonic Cortical Explants with an Olg-1-Carrying Virus Results in Formation of NG2-Positive Oligodendroglial Precursor
Cells
E13.5 rat cortical precursor cell explants were infected either with control adenovirus AdeGFP (A±C) or with the Olg-1 cDNA±carrying adenovirus
AdeGFP-Olg-1 (D±F). After 48 hr in culture, samples were immunostained with antibody against NG2 and subsequently visualized either by
fluorescence microscopy for GFP (A and D) or NG2 (B and E) or by phase microscopy (C and F). Arrows indicate AdeGFP-Olg-1-infected cells
within the same field (E and F).
observed induction of PDGFRa expression in cells adja- response curve similar to the profile of other Shh tran-
scriptional targets in the developing CNS (Figure 8B;cent to ventricular zone (Figures 7E and 7F). In contrast,
ectopic DM20/PLP expression was not detected (Figure Ericson et al., 1997a). Together, these results demon-
strate that Shh is sufficient for upregulation of Olg-17G), indicating that is regulated differently than PDGFRa
is in regions of Shh-signaling activity. At 17.5 dpc, nu- expression in neural precursors of the spinal cord and
brain. At 10.5 dpc, Shh is expressed in the ventral midlinemerous O4-positive cells were observed adjacent to ec-
topic ventricular zone structures (Figure 7H). These re- of the entire CNS and extends dorsally at the telenceph-
alon±diencephalon border in a region called the zonasults indicate that Shh is capable of inducing Olg-1 and
a program leading to oligodendrocyte development at limitans intrathalamica (zli; Figure 9A; Echelard et al.,
1993; Marti et al., 1995). Expression of both Olg-1 andectopic locations in the dorsal neural tube of transgenic
mice and are in keeping with previous observations in Olg-2 in the zli is also observed, raising the possibility
that they could behave as Shh transcriptional targetschick (Poncet et al., 1996; Pringle et al., 1996).
To confirm that Shh protein per se was capable of in vivo in the forebrain (Figures 4A±4C, 9B, and 9D).
Consistent with this possibility, Olg mRNA transcriptsregulating Olg-1, we treated primary neuroepithelial cell
cultures from 14.5 dpc rat cortex with 250 ng/ml of the are not detected at the telencephalon±diencephalon
border region in embryos homozygous for null allelesN-terminal fragment of recombinant Shh protein (Marti
et al., 1995). We observed z10-fold upregulation of Olg-1 of Shh (Figures 9C and 9E). Moreover, in the spinal cord
of Shh2/2 embryos, no Olg-1/2 expression is detectedwithin 3 hr after treatment with Shh (Figure 8A). More-
over, Olg-1 upregulation exhibited a bell-shaped dose± (Figures 9C and 9E). These results indicate that Shh is
Table 1. Ectopic Expression of Olg-1 Stimulates Expression of the Early Oligodendrocyte Marker NG2 in Cortical Progenitor Cell Cultures
Number of NG2-positive/Number of infected cells
AdeGFP-Olg-1
Control AdeGFP AdeGFP-Olg-1 Control AdeGFP p Value
Experiment 1 141/987 (14%) 407/1052 (38%) 2.7 ,0.001
Experiment 2 44/526 (8.4%) 137/454 (30%) 3.6 ,0.001
Experiment 3 54/225 (24%) 99/131 (76%) 3.2 ,0.001
Experiment 4 48/213 (27%) 298/491 (83%) 3.1 ,0.001
Multipotent cortical progenitor cells from 13.5 dpc rat embryos, cultured in factor-free medium, were infected with a control adenovirus vector
that expresses GFP (AdeGFP) or an Olg-1-carrying virus (AdeGFP-Olg-1), as described (see Experimental Procedures). Cultures were fixed
after 48 hr and immunostained with an antibody to NG2. Adenovirus-infected cells were detected by GFP fluorescence and scored for
coexpression of NG2 by observers blind to the experimental protocol. The results of four independent experiments are indicated above.
Differences between experimental and control populations were submitted to chi-square analyses of significance.
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Figure 7. Ectopic Olg-1 Expression and Oli-
godendrocyte Precursor Cell Development in
Transgenic Mice that Ectopically Express
Shh
In situ hybridization was performed on trans-
verse sections of 14.5 dpc spinal cord from
Shh-Tg mice in which Shh is ectopically ex-
pressed in the dorsal CNS under control of
the Wnt-1 regulatory element (Rowitch et al.,
1999).
(A) Low-power (43) view.
(B) High power (203) view showing that dor-
sal expression of Shh is confined largely to
greatly enlarged ventricular zones (vz). Nor-
mal expression of Shh in the floor plate (fp)
is indicated.
(C and D) Striking induction of Olg-1 is ob-
served in regions of the ectopic ventricular
zone in Shh-Tg mice, including cells lining the
lumen.
(E and F) In regions adjacent to the ectopic
ventricular zone, induction of PDGFRa ex-
pression is observed.
(G) In contrast to the results above, DM20/
PLP expression is not ectopically induced.
(H) Identification of oligodendrocyte precur-
sor cells by the marker O4 in the dorsal CNS of
17.5 dpc Shh-Tg mice. Note that O4-positive
cells (open arrows) are found adjacent to ec-
topic ventricular zone, identified by dense
staining of cell nuclei with DAPI (left panel,
203 magnification; right panel, 1003).
required for normal expression of Olg genes in regions as shown by Northern blot analysis. Low-resolution im-
ages of adult brain show that Olg genes are preferentiallyof the brain and spinal cord.
expressed in oligodendrocyte-rich domains. Higher res-
olution images of mature optic nerve show that OlgDiscussion
genes are expressed in oligodendrocytes but not in
astrocytes. In situ hybridization studies on alternatingNeurons and glia in the vertebrate nervous system are
tissue sections from mature brain, optic nerve, and de-thought to arise from common, multipotent progenitor
veloping embryos show no significant differences in thecells. Analogies have been drawn between the develop-
patterns of either Olg-1 or Olg-2 expression, suggestingment of blood (hematopoiesis) and the development of
that these two genes may be expressed within the samethe nervous system (neuropoiesis; Morrison et al., 1997;
cells. Other interesting features of the Olg genes are asStemple and Mahanthappa, 1997). In both tissues,
follows.multipotent stem cells, capable of self-renewal, periodi-
cally give rise to daughter cells with a more restricted
developmental repertoire. The development of neurons Olg Expression Is the Earliest Indicator
of Oligodendrocyte Developmentfrom primitive neuroepithelial tissue is regulated in part
by transcription factors with bHLH motifs (e.g., Neuro- in the Embryonic Spinal Cord
Receptors for PDGF are expressed in a broad range ofgenins). Here, we describe a pair of genes that encode
bHLH proteins. In adult tissues, the two Olg genes are animal cells, including astrocytes, fibroblasts, capillary
endothelial cells, and endometrium (Bowen-Pope et al.,expressed preferentially, if not exclusively, in the CNS,
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1993). These cells also can be detected by mRNA tran-
scripts for the myelin protein CNP as well as the oligode-
ndrocyte-specific glycolipid antibody O4 (Yu et al., 1994;
Ono et al., 1995). In explant studies, immunoselection of
PDGFRa-positive cells from the fetal spinal cord yields
oligodendrocytes, while immunodepleted populations
were unable to generate oligodendrocytes (Hall et al.,
1996). In addition, overexpression of PDGF-A in trans-
genic mice results in a transient increase in oligodendro-
cytes (Calver et al., 1998), whereas mice carrying null
alleles of PDGF-A, encoding the cognate ligand, show
severe reductions in oligodendrocyte number and my-
elination (Fruttiger et al., 1999). This implies a role for
PDGFRa-mediated signal transduction in oligodendro-
cyte precursor proliferation, but not specification, in vivo.Figure 8. Upregulation of Olg-1 in 14.5 dpc Rat Cortical Neuroepi-
thelial Cells by Shh Protein, as Indicated by Northern Blot Analysis It is generally thought that the development of oligo-
dendrocyte precursors in the neural tube follows the(A) Rapid upregulation of Olg-1 in neuroepithelial explant cultures
treated (for 3 hr) with 250 ng/ml (13 nM) of N-terminal 19K fragment period of early neurogenesis (9±12 dpc in the mouse).
of mouse N-Shh. Total RNA (10 mg/lane) was analyzed; expression Expression of PDGFRa at 12.5±13.5 dpc in the mouse
of GAPDH (glyceraldehyde 3-phosphate dehydrogenase) is shown has been taken to be the first indication of oligodendro-
as a control for loading.
cyte precursors in the embryonic spinal cord (Pringle(B) Bell-shaped dose±response curve for upregulation of Olg-1 by
and Richardson, 1993; Pringle et al., 1996; Hardy, 1997;N-Shh protein. Neuroepithelial explant cultures were exposed for 3
this study). However, events upstream of PDGFRa ex-hr to the indicated amounts of N-Shh. The bar graph (upper) depicts
composite results of two to three separate experiments at each pression in oligodendrocyte development are unclear.
indicated dose. One representative experiment is shown as an inset The expression domain of Olg-1 overlaps that of
(lower). PDGFRa in the ventricular zone of 13.5 dpc mouse em-
bryos, and double labeling confirmed coexpression of
Olg-1 and PDGFRa within the same cells. Furthermore,1991; Heldin et al., 1993). In developing forebrain, both
initial Olg expression takes place at least 72 hr beforea and b PDGFR subunits are expressed prior to the
expression of PDGFRa. We conclude that Olg gene ex-appearance of either neurons or glia (Reddy and Plea-
pression is the earliest marker of spinal cord progenitorsure, 1992; Williams et al., 1997). However, in the context
cells that give rise to oligodendrocytes. Our results areof developing spinal cord there is considerable evidence
in contrast to previous observations and are consistentindicating that oligodendrocyte precursor cells can be
with the possibility that oligodendrocyte lineage devel-identified by expression of PDGFRa. Early PDGFRa ex-
opment commences at neural plate stages, concurrentpression identifies two foci of cells in symmetric stripes
with neurogenesis. After 12.5 dpc, we observe that Olg-adjacent to the floor plate in the spinal cord and in
restricted regions of the brain (Pringle and Richardson, expressing cells migrate laterally and dorsally in the
Figure 9. Shh Is Required for Normal Expression of Olg-1 and Olg-2 in the CNS
Embryos homozygous for null mutations of Shh and wild-type or heterozygous litter mates were harvested at 10.5 dpc and submitted to
whole-mount in situ hybridization.
(A) Note Shh expression in the floor plate (fp) at spinal cord levels. In the brain, Shh is expressed in the ventral diencephalon (di) and
telencephalon (t) and in the zli (Echelard et al., 1993; Marti et al., 1995).
(B and C) Expression of Olg-1 in wild-type (B) and Shh mutant (C) embryos.
(C) Note that normal expression of Olg-1 in the spinal cord and brain is absent, while otic vesicle (ot) mRNA transcripts are detected.
(D and E) Expression of Olg-2 in wild-type (D) and Shh mutant (E) embryos.
(D) Olg-2 is expressed in the spinal cord in a decreasing caudal-to-rostral pattern. Olg-2 spinal cord expression terminates rostrally approxi-
mately at the second rhombomere of the hindbrain (r2). In addition, Olg-2 mRNA transcripts are detected at the zli, infundibulum, ventral
telencephalon (t), and nasal placode (np).
(E) Note that normal expression of Olg-2 in the spinal cord and brain is absent, while nasal placode expression is maintained. Staining in the
telencephalic vesicle is sporadic and most likely background.
Neuron
326
neural tube, similar to other early markers of oligoden- those of Pringle et al. (1996), who demonstrated induc-
tion of oligodendrocytes in explant culture at concentra-drocyte lineage. It is possible that Olg-expressing cells
may proliferate at later stages and/or differentiate in tions of Shh below the threshold required for floor plate
formation.response to local cues. Finally, since Olg expression is
confined to the CNS and is not detected in dorsal root Recombinant Shh (N-Shh) upregulates Olg-1 gene ex-
pression in explant cultures of 14.5 dpc rat cortical cellsganglia, Olg genes cannot have general roles in the
development of all myelin-producing cells. within 3 hr, indicating a direct effect of Shh signal trans-
duction. The responsiveness of these cortical cell cul-
tures to recombinant Shh could account for the strongInitiation of Oligodendrocyte Development
correspondence between regions of Shh expressionby Olg-1
and that of Olg genes at the prosomere 2/3 boundaryEctopic expression of Olg-1 in rat cortical progenitor cell
(telencephalon±diencephalon) in a region termed the zli.cultures promotes a marked increase in oligodendroglial
Olg expression in the region of the telencephalon±precursor cells, as defined by expression of the NG2
diencephalon boundary was not detected in embryosmarker protein (Levine, 1989; Levine and Nishiyama,
homozygous for null alleles of Shh, and expression of1996). Thus, at least one of the Olg gene products regu-
Olg-1/2 adjacent to the floor plate of the spinal cordlates an early function in the formation of oligodendro-
was abolished. Taken together, these data indicate thatctyes. However, the genetic control of oligodendrocyte
Shh is both necessary and sufficient for normal Olgdevelopment is likely to be complex. Preliminary studies
expression in the developing CNS. Our results do notwith Olg-1 indicate that additional factors (e.g., environ-
prove a direct requirement for Shh in oligodendrocytemental cues, transcriptional protein partners, etc.) are
development.required for maturation of NG2-positive oligodendro-
The bell-shaped dose±response profile of Olg-1 ex-cytes to an O4-positive state. In this regard, Olg-1 may
pression to Shh protein is reminiscent of other Shh-be similar to the neurogenic transcription factor MASH1,
responsive inductive processes in vitro. In previous workwhich requires additional signals from the floor plate
(Ericson et al., 1997b), Nkx-2.2 induction in chick neuralto induce mature, TH-positive, sympathetic neurons
explants was achieved at a concentration of N-Shh of(Groves et al., 1995; Lo et al., 1999). In addition, a poten-
z4 nM, whereas we find Olg-1 upregulation at z12 nM.tial role for Olg-2 in formation of oligodendrocytes is
This probably reflects the differential activity of the pro-fully indicated by the expression data.
tein preparations used in these studies as well as the
responsiveness of chick neural tube versus rat 14.5 dpcPossible Olg Functions in Neural Progenitors
cortical explants. We found that maximal Olg-1 upregu-In the mature CNS, Olg gene expression is only observed
lation in rat CNS precursor cells took place at a concen-in oligodendrocytes. However, in the embryo, Olg ex-
tration of N-Shh identical to that used by others to in-pression occurs in a Shh-responsive domain of the em-
duce Isl-1-positive motor neurons in mouse spinal cordbryonic neural tube that can give rise to neurons (e.g.,
explants (Dutton et al., 1999; same protein preparation).motor neurons). This raises the possibility that expres-
This finding is in keeping with those of Pringle et al.sion of Olg factors during development could establish
(1996). The putative motor neuron determinant MNR2a state of competence to form more than one neural
was induced after 16 hr exposure to Shh in chick neuro-lineage. Further work, including gain- and loss-of-func-
epithelial explant culture (Tanabe et al., 1998), whereastion analyses in vivo, will no doubt be required to deter-
Olg expression was upregulated after only 3 hr. Thus,mine the precise roles for Olg genes during neural devel-
Olg genes appear to be sensitive transcriptional targetsopment. In addition, fate mapping studies will be needed
of Shh and the first Shh-regulated genes associatedto determine whether early expression of Olg genes is
with the oligodendrocyte lineage.linked in a linear way to later stages of oligodendrocyte
development.
Persistent Expression of Olg Genes
in the Adult CNSRegulation of Olg Genes by the Organizing Signal
Shh in Embryonic CNS Precursor Cells Our studies have focused on the early stages of oligoden-
drocyte development that appear to be regulated byCell diversity in the developing CNS is generated via
inductive signals from organizing centers, such as the Shh signal transduction. However, at later phases of
development, oligodendrocytes proliferate and maturenotochord and floor plate (Tanabe and Jessell, 1996).
The Olg-1 expression pattern shows overlap within a after emigration from the ventricular zone germinal ma-
trix in response to other environmental signals, e.g.,region where expression of certain genes (e.g., Nkx-2.2
and Pax6) appears to be modulated by Shh (Ericson PDGF-A (Calver et al., 1998; Fruttiger et al., 1999). In the
adult rat brain, Olg-expressing cells are found preferen-et al., 1997a; Sun et al., 1998). Accordingly, we asked
whether Olg genes are regulated by Shh. In Shh-Tg mice, tially in areas rich in oligodendrocytes, such as the cor-
pus callosum and cerebellar white matter, but can bewhich express ectopic Shh in the dorsal neural tube,
we found striking induction of Olg-1 and Olg-2 gene detected throughout the CNS. Persistent expression of
Olg genes suggests possible functions in the survival,expression. In addition, ectopic Shh expression led to
a dorsally located program of oligodendrocyte develop- proliferation, and/or maturation of oligodendrocyte pre-
cursors. Interestingly, this is in contrast to other bHLHment, as indicated by induction of PDGFRa- and O4-
positive cells. Ectopic floor plate is not induced in the transcription factors, e.g., Ngn-1 and MASH1, that are
expressed in neural precursor cells but are downregu-spinal cord of Shh-Tg mice (Echelard et al., 1993; Row-
itch et al., 1999). Thus, our results are consistent with lated upon differentiation. Our data show that Olg gene
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Rodent Strainsexpression marks most, if not all, cells of the oligoden-
Wild-type Swiss Webster B (SWB) mice or Sprague-Dawley ratdrocyte lineage both during development and in the
adults or embryos were collected and fixed in fresh 4% paraformal-mature brain and spinal cord. It would be interesting to
dehyde or fresh frozen. Shh-Tg mice were generated from inter-
know whether later Olg expression in the adult CNS crosses of Wnt-1/GAL4 hemizygotes (in which GAL4 is expressed
identifies a relatively immature subset of oligodendroglia under control of the Wnt-1 regulatory element (Echelard et al., 1994)
and UAS-mShh, in which full-length Shh is expressed under control(Reynolds and Hardy, 1997). Moreover, it might be pre-
of the GAL4 DNA cognate binding site (Ornitz et al., 1991). Thesedicted that Olg expression could be used to identify
mouse strains are described in detail elsewhere (Rowitch et al.,primary tumors of oligodendroglial origin.
1999). Embryos carrying null alleles of Shh were generated from
Shh1/2 intercrosses as described (St.-Jacques et al., 1998). In all
cases of rodent litters analyzed, the day of detection of vaginal plugExperimental Procedures
was considered 0.5 dpc.
Cortical Cell Culture
In Situ Hybridization, Histological Analysis,The cerebral cortices of 14.5 dpc rat embryos were dissected in
and Photomicroscopyserum-free medium as described previously and dissociated into
Whole-mount in situ hybridization on 8.5±10.5 dpc SWB mousea single-cell suspension by trituration through 21 and 23 gauge
embryos was carried out as described (Wilkinson and Nieto, 1993).hypodermic needles (Williams and Price, 1995). The cells were cen-
For in situ hybridization on 18±20 mm frozen sections of mouse ortrifuged and resuspended in serum-free medium prior to plating on
rat CNS tissue, we used a modification of the methods describedpoly-D-lysine-coated cell culture dishes. Cultures prepared in this
by Ma and coworkers (Ma et al., 1997), and a detailed protocol isway contain a heterogeneous mixture of cells that includes nestin-
available upon request. A 926 bp SmaI-BamHI 39 fragment of Olg-1positive neuroepithelial cells with the properties expected of
39 untranslated region was cloned into pBluescript KSII, creatingmultipotent neural progenitor cells. In defined cell culture medium,
pBSRGUTR. Antisense digoxigenin riboprobe for Olg-1 was gener-they will proliferate in response to fibroblast growth factor (FGF)
ated by linearization of pBSRGUTR with SmaI and subsequent incu-and differentiate into neurons following exposure to PDGF (Johe et
bation with T7 RNA polymerase. Antisense riboprobe for Olg-2 wasal., 1996; Williams et al., 1997). CNTF induces formation of
generated by linearization of the plasmid pRBRAH16 (ATCC) withastrocytes, and T3 initiates formation of oligodendrocytes (Johe et
EcoRI and subsequent incubation with T3 RNA polymerase. Otheral., 1996; Bonni et al., 1997). For treatment of cultures with Shh, the
probes used in this study were generated as described: PDGFRaN-terminal 19K fragment of recombinant mouse Shh (250 ng/ml)
(Mercola et al., 1990), DM20/PLP (Timsit et al., 1995), Shh (Echelardwas added to cortical cell cultures 24 hr after plating into serum-
et al., 1993), Nkx-2.2 (Price et al., 1992), and Pax6 (Stoykova andfree medium. After incubation as indicated, RNA was purified from
Gruss, 1994). For APC immunostaining after in situ hybridization forthe cells for analysis by Northern blot at times indicated in the text.
Olg-1, we first performed the standard in situ hybridization with
omission of proteinase K treatment. Immunostain with the APC
Isolation of Olg-1 cDNA monoclonal antibody CC-1 after H2O2 pretreatment was developed
To prepare mRNA for cloning Olg genes, nestin-positive neuroepi- with the VECTASTAIN ABC staining kit (Vector) with diaminobenzi-
thelial cell cultures were expanded by culturing them in serum-free dine (DAB) substrate to generate brown color. Photomicrographs
medium supplemented with FGF (20 ng/ml) for 5 days. At the end of whole-mount embryos or sections following in situ hybrization
of day 5, the FGF was withdrawn. Cells were incubated overnight or immunolabeling were collected on an Olympus SZH10 stereo
in serum-free medium that contained T3 at 300 ng/ml. In the morning, dissecting microscope or Nikon E600 compound microscope fitted
these cultures were exposed to 30 ng/ml of CNTF for 45 min. mRNA with a SPOT I digital camera (Diagnostic Imaging).
was then extracted, and Olg-1 was cloned using a modification
of the strategy employed by Ma and coworkers (Ma et al., 1996). Infection of Rat Cortical Precursor Cells with Recombinant
Degenerate reverse transcriptase PCR was performed using fully Adenovirus Carrying Olg-1 cDNA
For ectopic expression of Olg-1 gene in primary cultures of ratdegenerate primers corresponding to the following amino acid se-
cortical progenitor cells, we utilized adenovirus vectors for thesequences: RERNR(H/V) and KLSKIET Degenerate residues (4-fold)
experiments. High titers of virus stocks (1011±1012 infectious units/were substituted by inosine. PCR amplification was performed at
ml) can be obtained that enable synchronous introduction of ectopican annealing temperature of 418C for 40 cycles. The bands of interest
genes into primary cell cultures. The viruses infect replication-com-were subcloned into pBluescript KSII (Stratagene). Several hundred
petent cells as well as cells that have exited the cycle. In embryonicclones were blotted on duplicate nylon membranes. Using a modifi-
day 14 (E14) cortical progenitor cells, these adenovirus vectors drivecation of procedures described by Saito and coworkers (Saito et
high-level expression of marker proteins such as GFP for up to aal., 1995), these filters were probed with PCR fragments of interest
week (data not shown). An EcoRI and XbaI fragment of the rat Olg-1from untreated and CNTF/T3-treated neuroepithelial cells to identify
coding region was cloned into the vector pAdTrack-CMV, allowingsequences that might be upregulated by CNTF or T3. This screen
for production of adenovirus marked with GFP under control of theled to a small (z120 nucleotide) fragment of Olg-1. This partial length
cytomegalovirus (CMV) promoter (He et al., 1998). The resultantcDNA was used to screen a l phage cDNA library prepared from
plasmid was cotransformed into Escherichia coli BJ 5183 with pA-14.5 dpc neuroepithelial cells that had been cultured in the presence
dEasy-1 (adenoviral backbone plasmid) to generate pAdeGFP-of T3 and CNTF.
Olg-1. Production of adenovirus AdeGFP-Olg-1 and control virus
AdeGFP (lacking the Olg-1 gene) was carried out as described (He
Generation and Purification of Antibody to Olg-1 et al., 1998). For adenovirus-mediated ectopic expression of Olg-1,
A peptide (CAVGPPETLRPTKYLS) corresponding to amino acids 13.5 dpc rat cortical cells were harvested and plated at a density
196±210 of the translated sequence from the Olg-1 clone was gener- of 3 3 105 per poly-D-lysine-coated glass coverslip in serum-free
ated using tboc chemistry at the Tufts Medical School Department medium (Dulbeco's modified Eagle's medium:F12 [1:1] plus N2 sup-
of Physiology peptide synthesis facility, with an additional cysteine plement [GIBCO-BRL]). Cells were then infected either with adenovi-
added to the amino terminus to facilitate coupling. The peptide rus carrying Olg-1 gene (AdeGFP-Olg-1) or control virus (AdeGFP) at
was coupled to keyhole limpet hemocyanin and injected into New a multiplicity of infection of z50 (n.b., m.o.i. determination employed
Zealand White rabbits. The final elution of this antibody was accom- human 293 cells). After 48 hr in culture, cells were fixed with 4%
plished with 5 M MgCl2. Eluted material was dialyzed overnight paraformaldehyde/PBS for 20 min and permeabilized for immuno-
against phosphate-buffered saline (PBS) and concentrated using a staining as described (Williams et al., 1997).
CentriPrep concentrator (Amicon). The resulting material was shown
to react with a protein corresponding to the sizes of Olg-1 in immu- Immunohistochemistry
noblots using extracts generated from 293 cells infected with the For immunohistochemistry, tissues of adult rat brain and embryonic
mouse spinal cord or optic nerves from P14 rat were embedded inadenovirus containing the Olg-1 expression segment (see below).
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OCT and sectioned on a Riechart-Jung cryostat at 10±20 mm. For spinal cord precursors and collaborates with neurotrophin 3 to in-
immunocytochemistry, cultured cells were fixed with 4% parafor- duce Islet-1. J. Neurosci. 19, 2601±2608.
maldehyde and permeabilized prior to immunolabeling. Detection Echelard, Y., Epstein, D.J., St.-Jacques, B., Shen, L., Mohler, J.,
of O4-positive cells with monoclonal immunoglobulin M (IgM; Boeh- McMahon, J.A., and McMahon, A.P. (1993). Sonic hedgehog, a
ringer Mannheim) using anti-IgM-Cy2 conjugate (Jackson), NG2- member of a family of putative signaling molecules, is implicated
positive cells with rabbit polyclonal sera (Chemicon) and anti-rabbit in the regulation of CNS polarity. Cell 75, 1417±1430.
IgG-Cy3 conjugate (Jackson), and Tuj1- (BAbCo) or GFAP- (Sigma)
Echelard, Y., Vassileva, G., and McMahon, A.P. (1994). Cis-acting
positive cells with monoclonal IgG antibodies and anti-mouse IgG-
regulatory sequences governing Wnt-1 expression in the developingCy2 conjugate (Jackson Labs) was carried out according to manu-
mouse CNS. Development 120, 2213±2224.facturer's instructions. Oligodendrocytes and astrocytes in optic
Ericson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawa-nerve sections were visualized using monoclonal antibody to cyto-
kami, A., van Heyningen, V., Jessell, T.M., and Briscoe, J. (1997a).plasmic APC antibody (the CC-1 antibody from Oncogene Sciences)
Pax6 controls progenitor cell identity and neuronal fate in responseand monoclonal S100b antibody (Sigma), respectively.
to graded Shh signaling. Cell 90, 169±180.
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